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ABSTWCT 

O p t i c a l  abso rp t ion  c o e f f i c i e n t  of  i n t r i n s i c  s i l i c o n  has  been determined 

a t  a number of d i s c r e t e  wavelengths i n  t h e  s p e c t r a l  range  400-1000 nm a t  

room temperature .  These measurements were a l s o  extended t o  l i q u i d  n i t r o g e n  

and l i q u i d  helium tempera tures .  R e s u l t s  of t h e s e  measurements i n  conjunct ion  

wi th  our earlier measurements on t h e  r e f r a c t i v e  index of s i l i c o n  provide  f o r  

t h e  f i r s t  t i m e  r e l i a b l e  d a t a  on t h e  o p t i c a l  c o n s t a n t s  of i n t r i n s i c  s i l i c o n  

and thus  form t h e  b a s i s  f o r  comparison wi th  s i m i l a r  p r o p e r t i e s  of doped and 

L i  d i f f u s e d  s i l i c o n .  I r r a d i a t i o n  of s i l i c o n  wi th  6 MeV p ro tons  t o  f luences  

of 10  pa r t i c l e s / cm2  does no t  produce any n o t i c e a b l e  change i n  i t s  o p t i c a l  

p r o p e r t i e s ,  as determined by techniques  involv ing  r e f l e c t i v i t y ,  w i t h i n  t h e  

l i m i t s  of experimental  e r r o r .  
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1. INTRODUCTION 

The primary o b j e c t i v e s  of t h i s  p r o j e c t  are (i) t o  de termine  both  t h e  

real  and imaginary p a r t s  of t h e  complex r e f r a c t i v e  index as w e l l  as t h e  

r e f l e c t i v i t y  of s o l a r  c e l l  q u a l i t y  s i l i c o n  i n  t h e  wavelength r ange  0.4 

t o  1 . 1 ~ ~  and ( i i )  t o  de te rmine  t h e  changes i n  t h e  above o p t i c a l  p r o p e r t i e s  

on i r r a d i a t i o n  by e l e c t r o n s  and pro tons .  The r e s u l t s  of t h e s e  s t u d i e s  on 

i n t r i n s i c  s i l i c o n  would form t h e  b a s i s  f o r  comparison w i t h  t h e  r e s u l t s  of 

s imilar  s t u d i e s  t o  be  c a r r i e d  o u t  later on doped as w e l l  as L i  d i f f u s e d  

s i l i c o n ,  i n  o rde r  t o  understand t h e  o r i g i n  and t h u s  p o s s i b l y  f i n d  a s o l u t i o n  

t o  t h e  degrading behavior  of s i l i c o n  s o l a r  cells  on  i r r a d i a t i o n .  The f i r s t  

o b j e c t i v e  was t ack led  s u c c e s s f u l l y  b o t h  from t h e  t h e o r e t i c a l  as  w e l l  as 

experimental  approach. The r e s u l t s  ob ta ined  on t h e  t h e o r e t i c a l  approach 

have a l r e a d y  been r epor t ed  i n  t h e  Midway Report  da t ed  21 June 1969. The 

p resen t  report:  c o n t a i n s e t h e  r e s u l t s  ob ta ined  on t h e  exper imenta l  a s p e c t ,  as 

w e l l  as t h e  r e s u l t s  on t h e  e f f e c t  of i r r a d i a t i o n  on t h e  o p t i c a l  p r o p e r t i e s  

of s i l i c o n .  

2. STUDIES ON THE: OPTICAL ABSORPTION COEFFICIENT OF SILICON 

The real  p a r t  n2 of t h e  complex r e f r a c t i v e  index of s i l i c o n  could b e  - 
determined w i t h  g r e a t  p r e c i s i o n  by measurements on f r e s h l y  cleaved samples 

w i t h  e l l i p somet ry .  However, the same s t u d i e s  showed that  t h e  corresponding 1 

r e s u l t s  on t h e  imaginary p a r t  of t h e  r e f r a c t i v e  index ,  k2, are f a r  from 

s a t i s f a c t o r y .  For example, i f  t h e  v a l u e  of n is  a l t e r e d  from 4.1401 t o  

4.1402, t hen  t h e  v a l u e  of k2 must a l s o  be  a l t e r e d  from 0.020 t o  0.009 i n  

o r d e r  t o  s a t i s f y  a c r i t e r i o n  of constancy of t h e  r e f l e c t i v i t y  R. 

- 
2 -- 

- 
I n  o t h e r  

words, i n  a weakly absorbing material l i k e  s i l i c o n ,  i t  is  a d v i s a b l e  t o  u s e  

t h e  e l l i p s o m e t r i c  method only  f o r  de te .mining  t h e  v a l u e  of n 

mine t h e  v a l u e  of k i t  is b e t t e r  t o  u s e  t h e  convent iona l  d i r e c t  method of 

o p t i c a l  abso rp t ion  technique.  

and t o  d e t e r -  2’ 
I 

2 
I 
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Reference t o  t h e  l i t e r a t u r e  revea led  t h a t  t h e  o p t i c a l  abso rp t ion  of 

2 s i l i c o n  has  been s tud ied  by Dash and Newman, 

Runyan. However, t h e r e  is  cons ide rab le  d i s p a r i t y  between t h e  r e s u l t s  

ob ta ined  by t h e s e  workers as w i l l  become evident  l a te r  i n  t h i s  r e p o r t .  

4 -1 cm 

Brauns te in  e t  a l . 3  and 

4 

S i l i c o n  has  a n  abso rp t ion  c o e f f i c i e n t  of t h e  order  IO3 - 5.10 

i n  t h e  v i s i b l e  r e g i o n  of spectrum. The l o s s  of l i g h t  depends most ly  on 

t h e  exponent ia l  t e r m  e-Kd, where - d i s  t h e  th i ckness  of t h e  sample. 

have a r easonab le  s i g n a l  i n  t h e  t r ansmi t t ed  l i g h t  t h e  product  Kd should be  

about  1, and hence - d should b e  i n  t h e  range 1 - l O v m .  

t h i n  experimental  samples poses  many problems. 

t o  c a l c u l a t e  the  t r ansmi t t ed  l i g h t  energy f o r  non-normal inc idence  and f o r  

a sample w i t h  inhomogeneous th i ckness  bu t  such a s o l u t i o n  i s  v e r y  complicated 

and bo th  t h e  mentioned v a r i a b l e s  ( ang le  of inc idence  and t h e  th i ckness )  

should b e  known as a func t ion  of coord ina te s  x, y i n  t h e  p l ane  normal t o  

t h e  p l ane  of inc idence .  

a p lane  p a r a l l e l  s l a b ;  i n  such a case t h e  formulae are ve ry  s imple.  

To 

The p r e p a r a t i o n  of such 

T h e o r e t i c a l l y  i t  i s  p o s s i b l e  

A more p r a c t i c a l  way is t o  p repa re  t h e  sample as 

Our samples w e r e  prepared by a s l i g h t l y  modified p o l i s h i n g  technique  

5 of Choyke who developed i t  f o r  t h e  case of S i c .  The procedure adopted 

w a s  as fo l lows:  

( i )  A p lane  p a r a l l e l  s l a b  of v i t r e o u s  s i l i ca  w a s  cemented around t h e  

pe r iphe ry  t o  a p o l i s h i n g  ho lde r .  We used Glass Res in  Type 650 

(Owen-Ill inois Technica l  Center )  as t h e  cement, see Fig .  1 

(cement A ) .  

The upper s i d e  of t h e  s i l i ca  p l a t e  w a s  r e p o l i i h e d  i n  t h e  u s u a l  ( i i )  

manner, f i n i s h i n g  w i t h  l p m  diamond p a s t e .  The q u a l i t y  of t h e  

s u r f a c e  i s  not  c r i t i ca l  because t h e  remaining s c r a t c h e s  w i l l  be  

f i l l e d  w i t h  cement w i t h  t h e  index of r e f r a c t i o n  c l o s e  t o  t h e  

s u b s t r a t e  material. 
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Pig .  1 

(iii) The s i l i c o n  sample w a s  c u t  f r o m  a s i n g l e  c r y s t a l  ( r e s i s t i v i t y  

about  lOQn cm) t o  the dimensions 5 x 10 mm and th i ckness  

0.5 mm. One s i d e  of the sample w a s  c a r e f u l l y  po l i shed  w i t h  

1 pm diamond p a s t e  as t h e  f i n a l  p o l i s h i n g  material .  

The s i l i c o n  sample w i t h  po l i shed  p l ane  w a s  t hen  cemented t o  t h e  

v i t r e o u s  s i l i ca  s u b s t r a t e  by Lens Bond Opt i ca l  Cement T y p e  M62 

(Summers Labora to r i e s ) .  The cement was cured by h e a t i n g  t h e  

whole ho lde r  a t  7 O o C  f o r  one hour ,  dur ing  which t i m e  a s m a l l  

amount of p re s su re  vas app l i ed  on Si s o  t h e  cement f i l m  w a s  

ve ry  t h i n  and bo th  s u r f a c e s  ( S i  and t h e  v i t r e o u s  s i l ica  

s u b s t r a t e )  were p a r a l l e l  t o  each o t h e r .  

( i v )  
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(v) Then t h e  whole assembly w a s  used t o  p o l i s h  the. second s u r f a c e  

of s i l i c o n .  During p o l i s h i n g ,  t h e  th i ckness  of S i  w a s  measured 

by a depth  gauge up t o  50 pm, and f o r  d<20 um c h a r a c t e r i s t i c s  of 

t h e  t r ansmi t t ed  l i g h t  was used f o r  approximate e s t ima t ion  of 

t h i ckness  (20-15 pm sample  t r ansmi t s  da rk  r ed  c o l o r ,  8-4 urn 

orange,  and 2-1 pm ye l low) .  A c o a x i a l  h o l e  i n  t h e  ho lde r  ( s e e  

F ig .  1) f a c i l i t a t e d  t h i s  procedure.  The f i n a l  s t a g e  of p o l i s h i n g  

wi th  1 pm diamond. p a s t e  on s i l k  w a s  ve ry  slow and c a r r i e d  o u t  

w i th  extreme cau t ion .  With a n  o p t i c a l  microscope i t  w a s  p o s s i b l e  

t o  check wi th  t h e  t r ansmi t t ed  l i g h t  any inhomogeneities i n  

th i ckness ,  p inholes  and s c r a t c h e s .  

The samples used f o r  measurement were f r e e  of p inholes  w i t h  homogeneous 

d e n s i t y  of s c r a t c h e s  a f t e r  1 i.lm diamond powder. Inhomogeneities i n  thiclr- 

n e s s  were most ly  on t h e  border  of t h e  samples,  t h e  c e n t r a l  p a r t  used f o r  

measuxement was r e l a t i v e l y  uniform, b u t  s t i l l  t h e s e  inhomogeneities are 

most ly  r e s p o n s i b l e  f o r  t h e  e r r o r s  i n  abso rp t ion  c o e f f i c i e n t  K.  The average  

th i ckness  w a s  determined from i n t e r f e r e n c e  of l i g h t  i n  near  i n f r a r e d  (1-3 pm). 

Th i s ,  t oge the r  w i th  t h e  f a c t  t h a t  t h e  K c a l c u l a t e d  from measurements on 

d i f f e r e n t  samples i n  over lapping  s p e c t r a l  r eg ions  w a s  a lmost  t h e  same, 

enabled us t o  estimate t h e  e r r o r  t o  be  less than  5% i n  K. 

The experimental  arrangement employed (Fig.  2)  f o r  t h e  measurement of 

t ransmiss ion  a t  room temperature  cons i s t ed  of a 250 W t ungs t en  halogen 

lamp, two Bausch and Lomb g r a t i n g  monochromators (250 mi arid 500 m r t ) ,  

PAR chopper,  pho tomul t ip l i e r s  RCA 7102 and EM1 9558, and lock-in a m p l i f i e r  

PAR HR8. The t ransmiss ion  w a s  measured p o i n t  by p o i n t  as a r a t i o  of s i g n a l s  

when sample w a s  i n  and o u t  of t h e  beam. A s  we used two monochromators i n  

tandem t h e  s c a t t e r e d  l i g h t  was unde tec t ab le .  For e l imina t ion  of second o rde r  

s p e c t r a  s u i t a b l e  o p t i c a l  f i l t e r s  were employed. 
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Fig. 2 

4 

2 

Fig .  3 
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The experimental  arrangement f o r  t h e  measurement a t  low temperatures  

w a s  t h e  same except  f o r  a s l i g h t  rearrangement of t h e  o p t i c a l  p a r t  behind 

t h e  second monochromator (Fig.  3 ) .  

s t a t  ( S u l f r i a n  Cryogenics) w i th  v i t r e o u s  s i l i c a  windows and w a s  cooled 

t o  t h e  r equ i r ed  temperature  by t h e  helium gas.  The t ransmiss ion  T w a s  t h e  

r a t i o  of s i g n a l s  measured f o r  t h e  o p t i c a l  pa ths  marked wi th  dashed and 

s o l i d  l i n e s  on F ig .  3 ,  

The sample was i n s i d e  a helium cryo- 

1 o R 1 R 3 T ~ T ~ i  

‘ 0 ~ 2 ~ 4  
T =  

where I i s  i n c i d e n t  l i g h t  energy and R ( i=1 ,2 ,3 ,4)  r e f l e c t a n c e  of aluminum 

mi r ro r s .  Both p a t h s  are o p t i c a l l y  equ iva len t  except  f o r  t h e  windows, bu t  

t h e  c o r r e c t i o n  due t o  t h i s  f a c t o r  i s  n e g l i g i b l e .  Experimental ly  i t  w a s  

( d i f f e r e n c e  w a s  less v e r i f i e d  t h a t  by changing t h e  m i r r o r s  

than  1%) and so  

0 i 

R1R3 = R R 2 4  

T = TrdTsi . 

S i  A s  t h e  t ransmiss ion  of s i l i c o n  T i s  known from d i r e c t  room temperature  

measurement (Fig.  2)  t h e  t ransmiss ion  of windows T could be eva lua ted .  

A s  T i s  temperature  independent ,  t h e  T f o r  lower temperatures  can be  

determined from t h e  l as t  formula.  Here i t  may b e  mentioned t h a t  t h e  

o p t i c a l  components o f  t h e  experimental  arrangement needs c a r e f u l  alignment 

because t h e  photocathode of a pho tomul t ip l i e r  is  i t s e l f  inhomogeneous. 

Some problems may a l s o  ar ise  a t  low temperature ,  due t o  s l i g h t  d i s t o r t i o n  

of t h e  c r y o s t a t ,  

w 
W S i  

The abso rp t ion  c o e f f i c i e n t  K w a s  determined from a measurement on f i v e  

samples wi th  average th i cknesses  of 12.65,  1 1 . 2 9 ,  4.28, 2.45, 1 . 0 1  ym. 

For f i n a l  r e s u l t s ,  a computer program w a s  w r i t t e n  by which t h e  abso rp t ion  

c o e f f i c i e n c  w a s  ca l cu laed  approximately from t h e  s i n g l e  r e f l e c t i o n  formula,  
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-K d 1 T = A e  

where 

is  t h e  r e f l e c t i v i t y  of [i, i+1] i n t e r f a c e  (see F i g .  4 )  i, (i+l) where R 

2 
R i , i + l = (  Ni Ni + - Ni+l Nif l )  

N .  i s  complex index of r e f r a c t i o n  of medium i. The i n d i c e s  of r e f r a c t i o n  

of a i r ,  cement and v i t r e o u s  s i l i c a  are known; f o r  s i l i c o n  we used ou r  

earlier r e f l e c t a n c e  d a t a  and t h e  r e s u l t s  of K-K a n a l y s i s .  Having thus  

I 

6 

determined K i t  w a s  used i n  t h e  n e x t  s t e p ,  i .e .  i n  t h e  double  r e f l e c t i o n  1 

formula 
-K d -2Kld 2 

R12R23 + R23R341e T = A [ l + R  R e 01 12 Y 

and f i n a l l y  f o r  K by cons ide r ing  t h e  t h i r d  r e f l e c t i o n  w e  have 

ai 

Fig .  4 



8 

The i n f l u e n c e  of re f1ec t ion .s  of h ighe r  o rde r  i s  n e g l i g i b l e  because t h e  

d i f f e r e n c e  between K and K w a s  much less than  experimental  e r r o r s .  2 

The f i n a l  r e s u l t s  ob ta ined  are shown i n  F ig .  5.  The room temperature  

d a t a  a g r e e  v e r y  w e l l  w i t h  those  of Dash and Newman.:! 

by Runyan A t  l i q u i d  n i t r o g e n  temperature  

(90'K) t h e  agreement wi th  t h e  r e s u l t s  of Dash and Newman2 i s  good i n  t h e  

The va lues  obta ined  

4 are s l i g h t l y  lower than  ou r s .  

r eg ion  400-500 nm, f o r  l a r g e r  wavelength our  va lues  are h ighe r .  

d i d  n o t  observe  t h e  weak d i p  i n  K c l o s e  t o  2.4 e V  (510 nm) a t  l i q u i d  n i t r o g e n  

temperature ,  as r epor t ed  by Dash and Newman. I n  t h e  l i t e r a t u r e  t h i s  s t r u c -  

t u r e  has  no t  been observed by o t h e r  workers as w e l l ,  e .g .  t h e  r e f l e c t a n c e  

Also,  w e  

2 

7 measurement a t  d i f f e r e n t  ang le s  of inc idence  and h igh  s e n s i t i v i t y  e l e c t r o -  

r e f l e c t a n c e .  From a t h e o r e t i c a l  c a l c u l a t i o n ,  Herman e t  a l .  p red ic t ed  t h e  8 

d i r e c t  abso rp t ion  edge a t  2.8 e V  b u t  o t h e r  a u t h o r s l o  found t h e o r e t i c a l l y  

f i r s t  d i r e c t  t r a n s i t i o n s  c l o s e  t o  3.4 e V  which w a s  exper imenta l ly  confirmed. 

The d a t a . o f . B r a u n s t e i n  et a l .  

and a t  l i q u i d  n i t r o g e n  temperature  between t h e  d a t a  of Dash and Newman' and 

ours .  

3 a t  room tempera ture  are  very  c l o s e  t o  ou r s  

These r e s u l t s 3  a l s o  do n o t  show t h e  d i p  c l o s e  t o  t h e  2.4 e V  but: 

as t h e i r  l a s t  measurement i s  a t  2 .5  e V  t h i s  argument cannot have much 

weight .  

F u r t h e r ,  t h e  measurement a t  l i q u i d  helium t enpe ra tu re  (about  9OK) does 

no t  show any anomalous behavior  of K a t  2.4 eV. The re la t ive  s h i f t  of K 

curves  w i t h  tempera ture  is  t h e  same as t h e  s h i f t  of t h e '  i n d i r e c t  energy 

gap (at 1.1 eV) as r epor t ed  by McFarlane e t  w i t h i n  t h e  experimental  

1 

e r r o r  a t  700 nm. 



W 
Fig.  5 

Absorption coefficient of silico'n vs. wavelength. Our results 0-9 ( 3 0 0 ' K ) ;  @---e (90'K); 
2 

(9 'K).  Dash & Newman 0 ( 3 0 0 ' K ) ;  Braunstein et a1.3 + ( 2 9 6 ' K ) ;  Runyan4 A (300 'K) .  
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3 .  STUDIES ON RADIATION DAMAGE 

The e f f e c t  of i r r a d i a t i o n  of 6 MeV pro tons  on t h e  o p t i c a l  p r o p e r t i e s  

of i n t r i n s i c  s i l i c o n  w a s  s t u d i e d  by two d i f f e r e n t  methods: nzmely ( i )  

e l l i p somet ry  t o  measure any changes i n  t h e  real  and imaginary components of 

t h e  r e f r a c t i v e  index of s i l i c o n  and (ii) d i r e c t  measurement of t h e  change’ 

i n  r e f l e c t i v i t y  of s i l i c o n  by a s e n s i t i v e  modulation technique.  The 

r e s u l t s  ob ta ined  on both  t h e s e  s t u d i e s  are g iven  below. 

A. E l l i p s o m e t r i c  s t u d i e s :  Five samples of i n t r i n s i c  S i  were cleaved 

1 2  along t h e  (111) p lane  by t h e  Gobeli-Allen technique  t o  g i v e  o p t i c a l l y  

p lane  areas of several squa re  m i l l i m e t e r s  each. Each sample w a s  then  

thermally oxid ized  f o r  a d i f f e r e n t  l e n g t h  of t i m e  a t  9 5 O O C  t o  y i e l d  a 

range of S i 0  s u r f a c e  f i l m  th i cknesses  from 3 4 1  t o  3 8 4 0 i .  2 

The e l l i p s o m e t r i c  parameters  A and I) of each sample  were measured 

pr5or  t o , i t s  i n s e r t i o n  i n t o  a custom f i t t e d  ho lde r  f o r  pro ton  i r r a d i a t i o n .  

The e l l i p s o m e t r i c  parameters  were a g a i n  measured a f t e r  exposure t o  6 MeV 

pro tons  a t  a f l u e n c e  of 10 l6  pa r t i c l e s / c rn  . 2 This  maximum s p e c i f i e d  f luence  

and energy w e r e  chosen f o r  t h i s  ser ies  i n  o rde r  t o  f i r s t  determine t h e  

maximum e f f e c t  on t h e  o p t i c a l  c o n s t a n t s .  During i r r a d i a t i o n  p a r t i c u l a r  

care w a s  t aken  t o  prevent  excess ive  h e a t i n g  o f . t h e  specimen by i r r a d i a t i n g  

them a t  low dosage ra te  2s w e l l  a s  t o  have t h e  specimen holder  cooled by 

running water dur ing  i r r a d i a t i o n .  The r e s u l t s  of t h i s  series of measure- 

ments are shown i n  t h e  accompanying Table  N o .  I. The e l l i p s o m e t r i c  

parameters  A and + are determined by t h e  index of r e f r a c t i o n  and th i ckness  

of t h e  s u r f a c e  f i l m  and by t h e  o p t i c a l  c o n s t a n t s  of t h e  s u b s t r a t e  material .  

No change i n  A and J, w a s  observed wh’ich could have been caused by a change 

i n  t h e  o p t i c a l  c o n s t a n t s  of t h e  s u b s t r a t e .  The only  observable  change was 
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Table I 

E l l ip somet r i c  Parameters  Before and A f t e r  I r r a d i a t i o n  

I 

Before I:  l A  Sample i/ 

RD-1 165.39" 

RD-2 169.12" 

RD-4 272.54" 

ad i a  t i on 
$ 

12.24" 

11.86" 

57.95" 

18.23" 

28.45" 

Af te r  I r r  
A 

161.02" 

168.47" 

274 e 16" 

107.85" 

87.00" 

. d i a t i o n  
1c, 

12.32" 

11 e 96" 

54.79" 

19.84" 

29.13" 

Changes Observed as 
Resu l t  of I r r a d i a t i o n  

Film th i cknesso inc reased  
from 53A t o  62A; no 
observable  change i n  t h e  
o p t i c a l  c o n s t a n t s .  

Fi lm th i ckness  inc reased  
from 34 t o  361; no change 
i n  t h e  o p t i c a l  c o n s t a n t s  
w a s  observed. 

Film th i ckness  incseased  
from 3840i  t o  38658; 
aga in  no observable  
change i n  t h e  S i  subs t ra tc  
o p t i c a l  cons t an t s .  

Fi lm th igkness  i zc reased  
from 278A t o  3238; no 
observable  chance i n  t h e  
s u b s t r a t e  o p t i c a l  
cons t an t s .  

,Si02 f i l m  increase! Tn 
th igkness  from 5668 t o  
585A. There w a s  no chang 
observed i n  s u b s t r a t e  
o p t i c a l  c o n s t a n t s .  
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due t o  a change i n  S i0  f i l m  t h i c k n e s s , . t h e  magnitude of which is  dependent 

on t h e  degree  of h e a t i n g  du r ing  i r r a d i a t i o n .  

2 

2 Thus w e  conclude t h a t  6 MeV pro tons  of f l u e n c e  l o L 6  p a r t i c l e s / c m  are  

not  s u f f i c i e n t  t o  cause a change i n  t h e  s u b s t r a t e  o p t i c a l  c o n s t a n t s  as 

determined by r e f l e c t i o n - t y p e  o p t i c a l  measurements. 

B. R e f l e c t i v i t y  measurements: For t h e  measurement of s m a l l  changes 

of r e f l e c t i v i t y  R caused by r a d i a t i o n  damage, a s imple  experiment based on 

modulation technique  was designed.  A sample of S i  of c i r c u l a r  c r o s s  s e c t i o n  

w a s  f i r s t  mechanical ly  and la te r  chemical ly  po l i shed  by t h e  s t anda rd  proce- 

du re .  Later,  du r ing  i r r a d i a t i o n  two d iagona l ly  oppos i t e  quadrants  of t h e  

sample were masked o f f  w i th . abso rbe r s  as shown i n  F ig .  6 .  For t h e  measure-. 

ment of t h e  change i n  R t h e  sample was 

mounted i n  a r o t a t i n g  ho lde r  ((rr=26 Hz), 

and a narrow p e n c i l  of l i g h t  r e f l e c t e d  

from a quadrant  of t h e  sample was de- 

t e c t e d  by a pho tomul t ip l i e r  coupled 

a p p r o p r i a t e l y  t o  a lock- in  a m p l i f i e r .  

The exper imenta l  arrangement w a s  similar 

t o  t h a t  used f o r  t h e  measurement of ab- 

F ig .  6 s o r p t i o n .  The a c  s i g n a l  w a s  p ropor t iona l  

t o  t h e  d i f f e r e n c e  i n  t h e  r e f l e c t a n c e  of 

i r r a d i a t e d  and u n i r r a d i a t e d  p a r t s  of sample. The l i m i t i n g  s e n s i t i v i t y  of 

t h e  method w a s  determined 3y t h e  mechanical v i b r a t i o n s  which caused moving 

of t h e  l i g h t  s p o t  on t h e  inhomogeneous photocathode;  t h i s  spu r ious  s i g n a l  

1 6  2 was about  0.1%. The energy of pro tons  w a s  6 MeV, f l u e n c e  10  proton/cm e 

The measurement of r e f l e c t a n c e  i n  t h e  energy i n t e r v a l  1-5 e V  gave only  nega- 

t i v e  r e s u l t s  - t h e  change i n  r e f l e c t i v i t y  was smaller than  10  which i s  t h e  

l i m i t  of t h i s  method 2nd experimental  arrangement.  

-3 
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4 .  CONCLUSIONS AND RECOPPEhQATIONS 

R e l i a b l e  va lues  of bo th  t h e  real  and imaginary p a r t s  of t h e  complex 

r e f r a c t i v e  index of i n t r i n s i c  s i l i c o n  have now been obta ined .  I r r a d i a t i o n  

wi th  6 MeV pro tons  t o  f l u e n c e s  of 2 p a r t i c l e s / c m  does n o t  produce any 

n o t i c e a b l e  changes i n  t h e  o p t i c a l  p r o p e r t i e s  of s i l i c o n  w i t h i n  t h e  l i m i t s  . 

of experimental  e r r o r ,  as can be d e t e c t e d  by techniques  based on r e f l ec t ion . ,  

These s t u d i e s  form t h e  b a s i s  f o r  comparison w t t h  s i m i l a r  s t u d i e s  t h a t  

should be c a r r i e d  o u t  on h i g h l y  doped s i l i c o n  of t h e  type  used i n  s i l i c o n  

s o l a r  c e l l  f a b r i c a t i o n .  Again t h e  e f f e c t  of d i f f u s i o n  of l i t h i u m ,  which 

i s  known t o  a f f e c t  t h e  r e f l e c t i v i t y  of t h e  material ,  should be i n v e s t i g a t e d  

a long  s imilar  l i n e s .  E f f e c t  of i r r a d i a t i o n  w i t h  e l e c t r o n s  on t h e  o p t i c a l  

p r o p e r t i e s  of s i l i c o n  and doped s i l i c o n ,  though n o t  c a r r i e d  ou t  i n  t h e  

p re sen t  work f o r  want of i r r a d i a t i o n  f a c i l i t i e s ,  should be  s t u d i e d .  Only 

then  w i l l  w e  be a b l e  t o  understand t h e  o r i g i n  of t h e  degrada t ion  p r o p e r t i e s  

of s i l i c o n  s o l a r  cells  o n  i r r a d i a t i o n  and thus  p o s s i b l y  develop w a y s  and. 

means t o  overcome them. 
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